Purpose: To assess variability in corneal ulcer measurements between ophthalmologists and reduce clinician-dependent variability using semiautomated segmentation of the ulcer from photographs.
inherent examiner-dependent variability. Often, the treating corneal specialist assumes he or she will provide all care and can "remember" the previous encounter appearance or document only using descriptive text. Thus, sometimes quantified measurements are not even performed, and ulcer patients will therefore have little to no quantitative measurements. The lack of quantified measures does not always affect patient care. In health care settings with shared provider models or with transfer of care between sites, different ophthalmologists may examine the patient on subsequent encounters adding variability to ulcer assessments. Previous work has shown up to 17% of measurements differed by $1.0 mm between specialists. 9 We hypothesize that similar or even greater variability exists between providers in a true clinical setting.
Many subfields of ophthalmology use routine imaging and quantitative computer-aided image analysis for accurate diagnosis, 12, 13 enhanced prognosis, 14, 15 and providing better patient care, such as using optical biometry for intraocular lens selection. 16 Ophthalmologists' methods to quantify corneal pathology include topography and tomography for keratoconus and pachymetry for corneal edema, yet a computerized quantification tool does not exist for corneal ulcers. Previous research on computer-aided ulcer quantification has relied on manually tracing the boundaries of an ED from digital external photographs using commercially available software such as Image-Pro Plus, 17 Adobe Photoshop, 18 or SigmaScan. 19 More recently, Toutain-Kidd et al 20 described easy-to-use, online, computer software to assess digital corneal photographs of fungal keratitis. In that study, both ophthalmologists and nonophthalmologists (medical students) manually traced the boundaries of the SI from digital photographs and achieved very good agreement in clinically relevant variables, such as the area of infiltrate and proximity to the visual axis. We propose a semiautomated quantitative corneal measurement (QCM) method for segmentation and measurements of the corneal ulcer from external photographs.
By incorporating imaging and computerized analysis, we hypothesize that variability in ulcer measurement can be reduced. To assess the validity of this hypothesis, the purpose of this study was 2-fold: 1) to assess corneal ulcer measurement variability among ophthalmologists in a true clinical setting, and 2) to reduce measurement variability by developing a semiautomated QCM software package.
MATERIALS AND METHODS

Study Design
A sample of 50 patients with corneal ulcers was recruited from a cornea clinic at Aravind Eye Hospital, Madurai, India, from June 14, 2016, to December 19, 2016 . The study was approved by the institutional review board at Aravind Eye Hospital. Participant consent was obtained. The patients selected to participate in the study were present in the clinic on days that all 3 examiners were available. The ulcer pathogen was typically unknown at the time of presentation. If patients required immediate surgical intervention, they were excluded from the study. Examiners were one corneatrained, board-certified ophthalmologist (N.R., abbreviated as E1 throughout the text) and 2 board-certified cornea clinical fellows (H.S.S. and H.S., abbreviated as E2 and E3). The examiners measured the largest vertical distance (height) and the largest horizontal distance (width) of the ED and of the SI to the nearest tenth of a millimeter using the slit-lamp (SL) biomicroscope calipers (BX 900; Haag-Streit International, Wedel, Germany). In cases in which patients presented with multiple lesions (eg, fungal keratitis), the largest (primary) corneal lesion was measured. Each examiner was masked to the measurements obtained by the other examiners (Fig. 1) . All examiners first measured the cornea, and then imaging was performed. Additionally, imaging was performed before corneal scraping, if necessary for clinical care.
Image Analysis
A corneal ophthalmology fellow took an external, diffuse light, SL photograph of the ulcerated eye under white light and cobalt blue light illumination (with fluorescein) before any corneal scraping (Canon EOS 7D camera) ( Fig.  2A ). Photographs were taken with a Canon EOS 7D camera mounted on a Haag-Streit International BX 900 model SL biomicroscope. Ambient room lighting was used for the study, and a diffuse beam at a maximal width (30 mm) of the white light source and maximal light intensity as tolerated by the patient was used. Photographs were taken at the ·10 magnification setting. If fluorescein had been used during the clinical examination, the patient waited 15 minutes before photography, and topical artificial tears were used before FIGURE 1. Study design: 50 patients with corneal ulcers were recruited. Three ophthalmologists measured the size of the ED and SI at the SL. A cornea fellow took SL photographs of each ulcer. The image was then analyzed by quantitative corneal measurement (QCM) software for the size of the ED and SI by manual and automated segmentation techniques. Measurements were analyzed for variability. initial imaging. Fluorescein was then instilled in the eye for cobalt blue excitation filter photographs. The photographer was instructed to image the primary lesion in the case of multiple lesions.
Photographs were analyzed in 2 ways: 1) manually traced by a single ophthalmologist, and 2) using the proposed QCM algorithm for semiautomated segmentation. For each image, manual measurements of the height and width of the ED and SI were obtained by tracing the boundary of the ulcer and using the ruler tool from ImageJ software (National Institutes of Health, Bethesda, MD; available at: http://imagej. nih.gov/ij). A priori white-to-white measurements were not obtained on patients, therefore a horizontal white-to-white distance of 11.7 mm, the mean white-to-white distance of south Indian populations, 21 was used to calibrate the size of an image pixel (pixel pitch in millimeters). An ophthalmologist who was not involved in examining the patient at the SL or acquisition of photographs (K.H.K.) performed all manual measurements.
A QCM algorithm was developed to facilitate semiautomatic segmentation (delineation) of the ED and SI from external photography (Fig. 2A) . The algorithm was written in MATLAB version R2014b (The MathWorks, Inc, Natick, MA) and used the Insight Segmentation and Registration Toolkit 22 and the command-line subroutines of Convert 3D for random forest classifier implementation. 23 Given the wide range of corneal ulcer appearances and lack of distinct edge boundary between an infiltrate and normal cornea, we adopted a random forest classification scheme to first generate a probability map of the foreground (SI or ED) and background. 24, 25 To train the classifier, the user first initializes seed regions in the foreground (ED or SI) and the surrounding background regions, providing the classifier with ground truths for each class (Fig. 2B ). Training parameters were as follows: 50 trees in a forest, maximum depth of 30 for each tree, and a 5-pixel radius of the patch used to generate mean intensity, and pixel coordinate features. These parameters were empirically tuned for speed and accuracy of training. Once the classifier was trained, the remaining steps of the QCM analysis pipeline were performed (Figs. 2C-F). The ED and SI height and width measurements were obtained from the segmentation, similar to manual measurement. For illustration purposes, Figure 2 shows QCM pipeline for measurement of SI dimensions; a similar approach was used for measurement of ED dimensions using a photograph of the eye under cobalt blue illumination after fluorescein dye instillation. Similar to the manual analysis, the pixel pitch in millimeters was estimated based on a horizontal white-towhite distance of 11.7 mm. Because our semiautomated method relies on user selection of foreground and background regions, a repeated analysis with a different seed region may produce different segmentation result, and hence different measurements of ED and SI dimensions. To test interobserver repeatability, each photograph was segmented using the semiautomated method by 3 different users (T.P.P., an ophthalmology trainee, and M.A.W. and P.A.N.C., ophthalmologists, abbreviated as A1-A3 throughout the text).
Statistical Analysis
Descriptive statistics of the measured horizontal or vertical length of the ED and SI were calculated, including mean, standard deviation (SD), range, and median, and stratified by examiners (E1-E3) and method of segmentation measurement (manual or semiautomated). Scatter plots were used to assess the agreement in measurement between pairs of examiners and between manual and semiautomated methods, and the degree of a linear association was assessed with Pearson correlations (r). Absolute differences in ED and SI measurements between pairs of examiners and between manual and semiautomated methods were investigated and displayed with histograms. A threshold of $0.5 mm absolute difference in the measurement length was deemed a clinically significant difference. The absolute differences in ED and SI measurements between examiners and between methods were tested for deviations from 0.5 mm with Wilcoxon signed-rank tests. The Dice similarity coefficient was computed to determine the spatial overlap of semiautomated segmentation of the ED and SI, compared with manual segmentation by a corneal specialist, which served as the gold standard. 26 More specifically, this statistic is the proportion of twice the number of pixels that are identified as ulcers in both images (intersection of ulcers identified by manual segmentation and by semiautomated segmentation) by the sum of pixels identified as ulcers in each image (Fig.  3) . The Dice coefficient ranges from 0 (no overlap) to 1 (perfect overlap between manual and computerized segmentations; in general, a Dice coefficient .0.8 is considered very good). Reliability of measurements between examiners and between repeated segmentation with the QCM algorithm was assessed with intraclass correlation coefficients (ICCs) and reported with 95% confidence intervals (CIs). ICC analysis was performed with SAS software version 9.4 (SAS Institute, Cary, NC), and the Dice coefficient was measured with MATLAB version R2014b (The MathWorks Inc, Natick, MA).
RESULTS
Average age of the cohort was 52.4 6 14.4 years (mean 6 SD), of which 37 (74%) were males. The best corrected visual acuity in the affected eye ranged from Snellen 20/20 to light perception (mean Snellen = 20/600; mean logMAR visual acuity = 1.49 6 1.00). ED and SI measurements obtained by examiners at the SL and by semiautomated and manual segmentation of photographs are shown in Table 1 . The ED height measured by examiners at the SL was on average smaller than corresponding measurements taken from photographs (range over examiners of mean measurement: 2.6-2.7 mm; mean manual measurement from photographs: 3.3 mm; range over 3 users of mean semiautomated measurements from photographs: 2.9-3.2 mm). A discrepancy in measurements was also observed for the ED width, and the SI width and height. Scatter plots displaying the ED and SI measurement between examiners, between manual and semiautomated methods, and between repeated measurements from semiautomated segmentation show a strong positive linear relationship for all pairwise comparisons (Figs. 4A-C) . The correlation (r) in measurement between pairs of examiners ranged from 0.78 to 0.94, between manual and semiautomated methods ranged from 0.93 to 0.98, and between separate users of the semiautomated methods ranged from 0.95 to 0.99 (all P , 0.0001).
Variability in Measurements of the Ulcer Size Between Clinician-Examiners
Median absolute differences in ulcer measurement between pairs of ophthalmologists were not significantly greater than 0.5 mm ( Table 2) . Ophthalmologists 1 and 2 had the least difference in measurements, with the median difference of ED and SI dimensions all being less than 0.5 mm (all P , 0.05). ED height measurements between pairs of examiners all had statistically significant differences under the threshold of 0.5 mm. The SI height showed similar results, albeit with some comparisons between examiners not achieving statistical significance. Alternatively, width measurements of the ED and SI had median absolute differences between pairs of examiners that were mostly larger than those observed for height measurements and were not significantly lower than 0.5 mm in 4 of 6 comparisons.
Although the median absolute difference of ED and SI measurements between examiner pairs was not found to be significantly greater than 0.5 mm, a nontrivial percentage of individual cases had a difference in measurement greater than 0.5 or 1.0 mm (Fig. 5A ). For the ED height, examiner pairs differed by $0.5 mm in 24% to 38% of ulcers; for the ED width, examiners differed by $0.5 mm in 30% to 52% of cases. Similarly, for the SI height, pairs of examiners differed by $0.5 mm in 26% to 38% of ulcers; for the SI width, a pair of examiners differed by $0.5 mm in 38% to 58% of ulcers. The percentage of pairwise measurements that differed by $1.0 mm ranged from 6% to 12% for the ED height, 14% to 26% for the ED width, 10% to 16% for the SI height, and 6% to 30% for the SI width.
Ulcer measurement between examiners showed good reliability (Fig. 6) . The ICC for the ED height was 0.87 (95% CI, 0.80-0.92), for the ED width was 0.89 (95% CI, 0.83-0.93), for the SI height was 0.88 (95% CI, 0.81-0.92), and for the SI width was 0.84 (95% CI, 0.75-0.90).
Validation of Semiautomated Segmentation
Dice similarity coefficients were computed to compare the surface area overlap in segmentation obtained manually (gold-standard) with those obtained using the semiautomated method (Fig. 3) . Comparing manual segmentation with the first user of the semiautomated segmentation method (A1), average Dice similarity coefficients were 0.84 (95% CI, 0.82-0.87) for the ED surface area and 0.83 (95% CI, 0.81-0.86) for the SI surface area. Manual measurement of the ulcer surface area showed good agreement with the semiautomated algorithm measurements (Fig. 4B) . The median absolute difference of measurements of ED and SI dimensions between manual and semiautomated segmentation methods was not significantly greater than 0.5 mm for all comparisons (range of medians 0.18-0.61, Table 2 ). The percentage of measurements that differed by $0.5 mm ranged from 20% to 38% for the ED height, 22% to 32% for the ED width, 24% to 54% for the SI height, and 34% to 58% for the SI width. The percentage of measurements that differed by $1.0 mm ranged from 2% to 10% for the ED height, 2% to 10% for the ED width, 8% to 20% for the SI height, and 10% to 22% for the SI width (Fig. 5B) .
Variability in Measurements of Ulcer Size With a Semiautomated Segmentation Algorithm
The median absolute difference of the ED and SI dimensions between measurements with semiautomated segmentation from different users was significantly less than 0.5 mm for all but one comparison (range of median absolute differences 0.13-0.46 mm, Table 2 ). The percentage of measurements that differed by $0.5 mm ranged from 8% to 28% for the ED height, 12% to 34% for the ED width, 10% to 32% for the SI height, and 14% to 34% for the SI width. The percentage of measurements that differed by $1.0 mm ranged from 0% to 2% for the ED height, 0% to 4% for the ED width, 0% to 2% for the SI height, and 0% to 8% for the SI width (Fig. 5C) . Ulcer measurement between repeated semiautomated segmentation by different users showed excellent reliability and was substantially better than that seen between examiners (Fig. 6) . The ICC for the ED height was 0.98 (95% CI, 0.97-0.99), for the ED width was 0.98 (95% CI, 0.97-0.99), for the SI height was 0.96 (95% CI, 0.94-0.98), and for the SI width was 0.97 (95% CI, 0.96-0.98).
DISCUSSION
In this study, we demonstrated small median differences in corneal ulcer measurements between ophthalmologists, albeit with some clinically meaningful differences. There was reduced variability in measurement when using computerized methods to measure corneal ulcers from photographs and process with image analysis. The usefulness of digital images and image analysis has been demonstrated in other disciplines of medicine and ophthalmology. In clinical settings, computerized imaging methods are used for automated classification of skin lesions, 27 grading of diabetic retinopathy, 28 and for monitoring progression of macular degeneration. 29 Automated tools can potentially increase precision (reducing measurement errors), and images serve as permanent, standardized records of clinical findings for analysis. Ophthalmologists are exploring the use of automated imaging to extend care through imaging in telemedicine programs. 30, 31 In our previous work, corneal specialists had good reliability when measuring EDs in a controlled, artificial environment. However, corneal specialists differed in the measurement length by $0.5 mm in a nontrivial percentage of cases (31%-52%). 32 We anticipated similar or even greater interophthalmologist measurement differences in a real-world scenario, given the added complexity of patient positioning or movement. For both studies, we decided a priori that interexaminer measurement differences $0.5 mm will be clinically significant, as a difference in measurement of this size could affect treatment decisions. This decision was based on the authors' clinical expertise, and the hypothesis that measurement errors in the range of 5% to 10% (0.0585-1.17 mm for an 11.7-mm corneal horizontal diameter) are clinically meaningful. A well-designed clinical investigation looking at ulcers over time (to measure changes) would be necessary to prove this tool's utility in a clinical setting. We found that, overall, measurements showed good reliability between ophthalmologists, with the ICC ranging from 0.84 to 0.89. However, comparing measurements between pairs of ophthalmologists, between 24% and 52% of ED measurements differed by $0.5 mm, similar to the 31% to 52% reported in the controlled-environment study. 32 Variability in height measurements (for both ED and SI) was less than width measurements, perhaps because the slit beam is oriented vertically and ophthalmologists are more comfortable measuring pathology in the vertical direction.
Variability, even between experienced ophthalmologists, is not surprising. Interobserver variability has been characterized in other studies in ophthalmology, including measurement of the cup to disc ratio, 33 quantifying endothelial cell density by microscopy technicians, 34 measurement of intraocular pressure by Goldmann applanation between technicians, 35 and variability in interpretation of the digital fundus image for diabetic retinopathy screening between ophthalmologists. 36 Ophthalmologists now use digital measurement tools to minimize measurement errors and to provide quantified measures longitudinally for many diseases.
A computerized QCM algorithm and corresponding software package were developed to measure corneal ulcers from standardized imaging in the care of patients with corneal opacities and to compare the variability of measurements between clinicians. The proposed segmentation algorithm was semiautomatic because it required delineation of seed-points by the user to initialize segmentation. However, aside from providing seed-point, no manual correction was applied to the resulting segmentation. The hypothesis was that digital imaging and image analysis could reduce ED and SI measurement errors. The QCM software showed good validity between manual (the imaging gold standard) and semiautomated segmentation (average Dice coefficients ranged from 0.78 to 0.86). Furthermore, measurements of ED and SI dimensions obtained by the semiautomated algorithm used by different ophthalmologists had better reliability (higher ICC) than measurements by 3 ophthalmologists' clinical gradings. An added feature is that semiautomated segmentation can acquire surface area measurements. The surface area may be a more meaningful metric to characterize an asymmetric, arbitrarily shaped corneal ulcer and will be the scope of future work.
A limitation of our study is the lack of individual corneal white-to-white diameter for each patient. Use of imaging software requires a measured length to correlate with the pixel distance. Without available white-to-white measurements, we used an average horizontal white-to-white diameter of 11.7 mm for all patients. 37 As a result, comparing measurements between the ophthalmologists and the imaging methods has an intrinsic error. We cannot say whether differences are from differences in the methods (like the differences in corneal thickness measurement with optical coherence tomography vs. pachymetry) or intrinsic problems with the technique. This weakness will be remedied in future work.
Computerized image analysis requires good, consistent quality of photographs. We acknowledge that lighting conditions, patient cooperation during image acquisition, and experience and comfort of the photographer can all have an impact on the quality of the photograph. We did not explicitly examine how photographs acquired under different light conditions or by different photographers would impact our semiautomated segmentation and measurement variability. However, we anticipate that because we did not make assumptions about background intensity and did not use predefined thresholds for segmentation, small changes in imaging conditions will likely result in small perturbation in quantitative measurements. Analysis of the effects of the imaging condition on our quantitative segmentation will require a separate prospective study.
Future studies will refine QCM for corneal ulcers to improve a standardized approach to ulcer measurement. With advances in image analysis methods, future work will focus on creating a fully automated method for segmentation and coregistration of images between clinic encounters. Image-based measurement may even provide an opportunity for care coordination for patients with limited access to corneal specialists. This study highlights the extent of variability in measurements of "simple" height and width dimensions of ulcers, even between experienced ophthalmologists. By reducing human variability using automated tools, we hope to standardize and elevate the care of patients with potentially sight-threatening corneal diseases. 
